Interferon: the Dissociation of rI.. rCn-induced
Proteins by Protonation (Accepted 17 June 1973) SUMMARY Mouse interferon, when induced by the synthetic ribopolymer, rln.rC,, has a mol. wt. of about 150000. On brief exposure to low pH (3"5) conditions, the protein is dissociated into a smaller molecule (average mass of 3800o daltons); during this transition, the recoverable antiviral activity increases twofold. Our data support the idea that the high tool. wt. form may be a discreet interferon aggregate brought abom by association of sub-units, although we cannot exclude the possibility that the antiviral protein (interferon) is simply adventitiously bound to a serum protein which antagonizes the antiviral action of interferon. This report provides additional support to the hypothesis, developed from studies with virusinduced mouse and human interferons, that apparently different interferon molecules may simply be different oligomeric species of a basic interferon subunit, ~.
Several lines of evidence suggest molecular heterogeneity in the structure of vertebrate interferons. Apparent differences in mass (Smith & Wagner, I967) , surface charge (Fantes, 1969) and heat lability (Ho & Ke, I97O) have been observed with interferons within an individual species. The evidence for molecular heterogeneity receives further support when structurally different inducers are used to trigger interferon production (Smith & Wagner, 1967; Ho & Ke, 197o; Stan6ek, Gressnerova & Paucker, 197o ) . Large differences in mass may be observed with interferons within an individual species; the non-virus inducers often, but not always, produce interferons of much larger tool. wt. than those triggered by virus particles. It may be that there are several distinct interferons and that such differences reflect substantial heterogeneity in their amino acid sequences. On the other hand, it is possible that the apparently different interferons are simply different oligomeric species of a basic interferon sub-unit (Carter, I97O, 1971 ). Our studies, in which we extensively purified virus-induced mouse and human interferons, support the basic sub-unit hypothesis. These data strongly suggested that interferon exists as a dimer of two similar, perhaps identical, sub-units.
Human polynucleotide-induced interferon (initial tool. wt. 96 ooo) is also dissociable (at low ionic strength) into lower mol. wt. products (240oo and 120oo) which chromatograph like the virus-induced molecules (Carter & Pitha, 1970 . This 'dissociability' property has recently been observed by others, using interferons of murine origin as well (W. E. Stewart, L. B. Gosser & R. Z. Lockhart, personal communication) .
We now report that the rIn. rC,-induced mouse interferon, which has a mol. wt. of about 15o000, is also dissociable into a smaller molecule (average mass of 38ooo daltons). During this transition, the recoverable antiviral activity increases twofold. Taken together, our data suggest that the dimeric form of either mou;e or human interferon is a more stable intermediate structure at low pH than the apparent octameric or tetrameric forms.
Mouse L cells (strain 929) and human neonatal fibroblasts were grown in monolayers under standard conditions (Carter et al. 1971 ) . The growth of VSY and NDV are described
I7o
Short communications elsewhere (Carter et al. I97I ; Carter, I972 ) . Interferon was measured (Carter et aL I971) 24 to 30 h after infection with NDV (input multiplicity lO p.f.u./cell).
Human leukocyte interferon, obtained by NDV infection, was generously supplied by J. R. Valenta (Smith, Kline and French Laboratories, Philadelphia) (Valenta et al. I97o) . Mouse (Bulb strain) serum interferon was obtained I2 to 24 h after intra-peritoneal injection of an rln.rC~-D-lysine complex (Carter et aL 1972b) (Phosphorus/nitrogen ratio of 1 : I, dose of Ioo #g/mouse) or after intravenous injection of NDV (live or u.v. irradiated, Io 7 p.f.u./mouse). L cell and human neonatal fibroblast interferons were prepared under conditions previously described (Carter, I97O) .
For the partial purification of virus-induced interferon proteins from tissue culture supernatant fluids or mouse serum, the following steps were used: acidification to pH 2 for 48 h followed by centrifuging (I o ooo g for 20 min at 4 °C), dialysis against buffer A (o.o 5 M-NaC1, o-oi M-sodium phosphate (or tris hydrochloride as specified), pH 7.2 and o.oot M-MgC12) (I2 h at 4 °C) and gel chromatography (Carter, I97o ) . For interferons induced by rL. rC,, the low pH step (which inactivates residual virus) was generally omitted. The proteins fulfilled the criteria generally applicable to interferon (Lockhart, 1967) . During purification, samples of chromatographic fractions were stored at -7o °C to permit repeated assays. Protein was measured by the method of Lowry et al. (I95 I) using bovine serum albumin (BSA) as a standard.
Interferons were exposed to pH 3"5 (using lO% acetic acid) for 2 to I8 h; the pH was restored to 7"0 to 7"2 (with o-2 N-NaOH) before gel chromatography. To compute recoveries, samples of the starting material (before and after low pH treatment) were assayed with the column eluent.
Columns of Sephadex® G-zoo superfine (I.6 cm x 3 O) and G-r5 o (o.6 x 35 cm) were exhaustively washed with buffer A at 4 °C. The void vol. was determined with dextran blue, and the column was calibrated with known mol. wt. markers including mouse interferon proteins.
We have recently reported that protonation markedly stabilizes mouse and human interferons from thermal inactivation (Marshall, Pitha & Carter, I972 ) . With heat inactivation studies at 56 °C, the protective effect of low pH treatment can be localized to the cooling step: interferon molecules containing protonated carboxyl groups can be unfolded and, on cooling, will quantitatively regain a conformation with biologic activity.
Aside from its protective effect on the thermal inactivation process, we surprisingly observed a second effect of low pH treatment on the activity of interferon. Mouse rI~. rC,-induced interferon became twice as active on brief exposure to low pH (3"5) (Table I ). This augmentation in activity was seen with low pH exposure as short as 6o min and was not further enhanced by low pH incubations up to I8 h. The enhancement in antiviral activity was observed only with the ribopolymer-induced interferon molecules. The activities of virus-induced proteins, both of mouse and human origin, were either unchanged or fell slightly. For example, the activity of human leucocyte interferon was reduced 5o to 6o ~o by brief exposure to low pH (Table I) , even though the pH exposure increased the stability of the residual fraction of active protein.
These observations raise an immediate question: what is the chemical basis for the augmentation in activity ofribopolymer-induced interferon? One of two mechanisms seemed likely: either the low pH treatment was creating more active molecules, perhaps by depolymerizing an interferon oligomer, or it was inactivating one or more factors which antagonize the bioassay of interferon. Previous study of human interferon, also induced by rI.. rC,, revealed that a major mol. wt. transition (96ooo to a mixture of 24ooo and 12ooo The interferons were assayed (Finter, 1969 ) before and after low pH exposure by the colorimetric technique. pH 3"5 exposure (using lo% acetic acid) was carried out at 4 °C for 2 h; similar results were obtained with exposures times up to 18 h. After the pH was restored to 7"o to 7"2 (with o.2 N-NaOH), the interferons were measured immediately. Each experiment was done in duplicate or triplicate; statistical treatment of these groups of assays indicated that the twofold differences were significant (P < o-ooi). species) was possible under appropriate salt conditions (Carter & Pitha, 297I) , but no augmentation in net measurable activity was noted.
We tested the first hypothesis by mol. wt. measurements of these interferons before and after low pH exposure, rI~. rC,-induced mouse interferon, which was not exposed to low pH, behaved as a single molecular species with a mol. wt. of about 25oooo (Fig. 2, top panel) . Like the comparable human interferon induced by rI,. rCn (Carter & Pitha, 2970, its tool. wt. is about fourfold greater than that of the virus-induced protein, tool. wt. 38ooo. After low pH exposure, a condition which doubled its antiviral activity, the protein was quantitatively transformed into a species with an average mol. wt. of 38ooo (Fig. 2, bottom panel) . The peak was broadened, a feature also observed with the low pH-treated human leucocyte interferon. The explanation for the wider elution patterns is not yet clear, but it is seen only with interferons whose activities are modifiable by low pH. It could reflect a process of partial denaturation or incomplete reassociation of sub-units formed by the low pH conditions. A process of molecular disassembly could account for the augmentation in recoverable antiviral activity, even though some of the proteins may be permanently inactivated during the transition.
To detect interferon antagonists (hypothesis two) we mixed rI~. rCn-induced interferon before and after low pH treatment with virus-induced interferons of known specific activities (Marshall et al. 2972) . Assays of these homologous interferon mixtures yielded no suggestion of an antagonist specific for the ribopolymer-induced fraction.
The activity of virus-induced human leucocyte interferon fell about 5o % on low pH treatment (Table 2) . Is a tool. wt. transition, perhaps to less active forms, associated with this decrease? Before low pH exposure, the protein behaved as a single molecular species with a tool. wt. of 48 ooo, and after treatment, the mean mot. wt. was unchanged (data not shown).
Low pH (2) treatment, a condition under which interferon is stable, is the long-practised technique used to inactivate residual virus inducers frequently present in interferon preparations. We wondered whether the mol. wt. assignments for virus-induced mouse interferon might have been influenced by the initial pH 2 step used to inactivate virus. Namely, are the virus-induced proteins consistently lower in their mol. wts. than those induced by rI.. Bottom panel: the same mouse interferon (sp. act. 4oo0 units/mg protein) was exposed to pH 3"5 (using io% acetic acid) for 2 h; the pH was then restored to 7'o to 7'2 with o'2 N-NaOH before chromatography. (The low pH treatment resulted in a twofold increase in measurable antiviral activity.)
Over 95 % of the 38oo units applied was recovered, o--o, interferon. The elution pattern of the major proteins, as estimated by E28o (as above), was identical to that of interferon preparations (top panel) which were not protonated before chromatography.
simply because of a pH step employed to inactivate virus? Mouse interferon, induced by NDV (live) and treated by pH 2 exposure, chromatographed as a single, sharp peak (mol. wt. 38ooo) as we have previously reported (Carter, I97o ) . Identical results were obtained with interferons harvested in vitro (L929 cells) or in vivo (mouse serum). Under similar induction conditions, NDV (u.v.) was employed to remove the necessity for introducing a step to inactivate virus. These interferons reproduced the exact elution profile of the pH 2 treated interferons (mol. wt. 38 000) and no activity in higher tool. wt. ranges was detectable. We conclude that low pH treatment, either at 3"5 or 2, does not detectably change the mol. wt. properties of virus-induced proteins.
Our data support the idea that the high mol. wt. form may be a discreet interferon (In the latter case, the bond between interferon and the postulated carrier would be disrupted by low pH exposure.) This possibility seems unlikely for several reasons, but we cannot exclude it until either interferons of much higher degrees of purity are available or the reassociation reaction can be efficiently catalysed. What additional factors contribute to the 'heterogeneity' in interferon structure in addition to oligomer formation? We have excluded, in this report, any effect of low pH treatment on the mass of virus-induced interferons, but this step in purification must be suspect as one potentially destructive of acid-labile peptide bonds. Glutamyl and asparaginyl residues, for example, are generally unstable and may be hydrolytically deamidated at low (or high) pH, resulting in proteins with altered isoelectric points (McKerrow & Robinson, I97i ) . It has also been noted that neuraminidase treatment of rabbit interferon markedly reduces its charge heterogeneity (Schonne, Billiau & De Somer, I97o; F. Dorner & R. Weil, personal communication) ; this implies that sialic acid is present in the molecule, and probably in mole fractions sufficiently large to change significantly the net molecular charge. Sialic acid content might well vary dependent on the nature of the participating target cell. Final proof, or rejection, of the 'sub-unit' hypothesis will require compositional data, and studies are under way to obtain this information. Our ability to control the tool. wt. and surface charge properties of these interferons should allow the necessary degree of purification to be attained.
